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Chapter 1
Introduction
1.1 Drag Reduction
Historically the presumed unlimited availability of fossil fuels led to the continuous
development of higher power internal combustion engines; better performance re-
quirements and environmental issues are stimulating researchers to look for every
possible way to save energy. In the field of aerodynamics this is most practically
achieved by drag reduction. Broadly drag reduction methods can be divided into
two categories active and passive, depending on whether or not they employ an
external power source.
Passive methods of drag reduction principally achieve this using structures that
influence the flow around the body leading to a smaller wake. Devices such as boat-
tails or turbulence inductors work respectively reducing the pressure gradient or
forcing the passage from laminar to turbulent boundary layer in order to keep it
attached for longer.
Fig.1.1 shows effects of the presence of a boattail on a bullet.
Figure 1.1: Effect of the boattail.
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Active methods require an external power source and their overall efficiency
can be determined only after the ratio of power spent and power saved from the
drag reduction is established. Boundary layer blowing or suction is a well known
method used to control boundary layer separation, and it can be either an active
or a passive method. In wind tunnels porous surface can be equipped with fans
or other devices in order to suck the boundary layer and simulate freestream flow.
A well known example of a passive method of boundary layer blowing is the flow
around flaps where higher pressure air flows from the bottom surface of the wing
to the top as Fig.1.2 shows it.
Figure 1.2: Boundary layer blowing effect on flaps.
Depending on the shape of a body it is possible to choose different injection
velocities in order to achieve a reduction in viscous drag, or form drag, of the body.
In the first case, injection at velocities lower than the local stream velocity has been
proposed as a method of reducing the local skin friction coefficient of streamlined
bodies. In the second case, in order to re-energise and to keep the boundary layer
attached or prolong attachment (and hence reduce wake size), injection at excess
velocities (greater than the local flow velocity) are employed .
In this latter case, also sometimes referred to as the “Coanda Effect”, local skin
friction coefficient rises in the vicinity of the injection site, however it is envisaged
that this increase in drag is offset by the reduction of form drag, hence clearly
it could only be beneficial to axi-symmetric bodies that would otherwise have
significant form drag.
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1.2 Available Models
This project aims to investigate the possibility of achieving form drag reduction of
an axisymmetric body using either blowing through an annular slot or a boattail.
Specifically two models, with two different configurations each, were tested in a
subsonic wind tunnel.
The first is a 4:1 Ellipsoid (Ellipsoid A)with the possibility to replace its tail
with a conic one (Ellipsoid B) (boattail).
The second is a 4:1 Prolate Ellipsoid with a straight cylindrical mid-section.
At the back edge of the mid-section an annular slot for tangential boundary layer
blowing was positioned. The model is equipped with an internal fan to permit
excess velocity injection. In order to supply air to the fan we used an intake
positioned either at the front (Prolate Ellipsoid A) or at the rear (Prolate Ellipsoid
B) of the body. Figs.1.3 and 1.4 show the functioning respectively of Prolate
Ellipsoid A and Prolate Ellipsoid B
Figure 1.3: Prolate Ellipsoid A model, back suction configuration
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Figure 1.4: Prolate Ellipsoid B model, front suction configuration
Sections and dimensioning of Ellipsoid B and Prolate Ellipsoid B are shown
respectively in Fig.1.5 and Fig.1.6; in this last figure it is possible to see the inside
structure and the fan.
Fig.1.7 shows Ellipsoid A ready for wind tunnel tests, measures are in inches.
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Figure 1.5: Ellipsoid B.
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Figure 1.6: Prolate Ellipsoid B.
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Figure 1.7: Model A into the wind tunnel.
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Chapter 2
Preliminary CFD campaign
2.1 Introduction
In order to design the annular slot it was necessary to evaluate the boundary
layer thickness at the back edge of the cylindrical midsection. A preliminary CFD
campaign was set up, not only to achieve this evaluation, but also to choose an
appropriate grid that would later be used for a complete CFD campaign.
The PC available at QMUL laboratory was equipped with a Intel dual core
6700@2,66 GHz CPU and 2Gb of RAM. A 2-D axysimmetric simulation with k-
 turbulence model and a 1.1 · 106 cells grid would need approximately 36h of
computer time. This was later superceeded while working at the University of
Pisa wind tunnel laboratory, where it was possible to build a 2.5 · 106 cell grid and
simulate the flow using the local cluster.
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2.2 Grid generation
Both geometry and grids were built with Gambit package. Due to the axial sym-
metry it was considered sufficient to define the flow around the shape using a
two-dimensional statement, this led to a large reduction in computational costs.
A structured mesh was chosen.
Three different grids were built, however each of them has:
• Circular domain of calculation (70 model chords of radius);
• refinement of ellipsoid edges (one node per millimeter);
• equisize skewness < 0.06.
Tab.2.2 gives the main characteristics of these grids.
Table 2.1: Grids characteristics
Total cells Skewness < 0.02 [%] Nodes on radial edges
Model A 431000 21.5 600
Model B 862000 17.7 1200
Model C 1078500 19.6 1500
Particular attention was paid to the near-wall zone where the differences be-
tween grids lead to different resolutions in the boundary layer area. Fig.2.1 and
Fig.2.2 show mesh parameters for midsection and for vertical grid edges on Model
C, while Fig.2.4 and Fig.2.3 show whole mesh and near-wall cells.
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Figure 2.1: Midsection edge grid parameters.
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Figure 2.2: Vertical grid edge parameters.
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Figure 2.3: Circular domain and grid.
Figure 2.4: Near-wall zone cells.
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2.3 Flow simulations
2.3.1 Calculation time
Using the same machine it was possible to compare calculation times and conver-
gence velocity. The parameter used to determinate convergence calculation was
drag coefficient CD which has an oscillating trend around a mean value. Flow
simulation was considered as converged when standard deviation of the last 2000
iterations assumed values less than 1% of the mean CD value.
The turbulence model used for simulating flow around each simulation model
was Spalart-Allmaras model which has lower calculation requirements than other
turbulence models currently available such as Reynolds-stress model. The freestream
flow velocity used was 20m/s resulting in a Reynolds number, based on the chord
of the model, equal to Re = 9.4 · 105 .
Tab.2.2 lists the main results of this sensitivity analysis; CD value is given as
an average value for the simulation model configuration.
Table 2.2: Grid sensibility analysis
CD CD st. dev. Iterations to convergence Calculation’s time
Model A 0.0831 5 · 10−5 2000-4000 14h
Model B 0.0835 9 · 10−7 2000-4000 24h
Model C 0.0834 1.6 · 10−4 5000-7000 32h
Fig.2.5 and Fig.2.6 show the trend of CD and the trend of residuals monitored
during simulation of Model A. It can be seen from Fig.2.5 trend of CD value
exhibits a clear reduction in oscillations after approximately 2000 iterations, for
Model C this same reduction is noticeable after 5000 iterations.
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Figure 2.5: Trend of CD.
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Figure 2.6: Trend of residuals.
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2.3.2 Wall treatment
As previously stated, the main purpose of this preliminary CFD campaign is to
evaluate boundary layer thickness. The refinement of near-wall zone generally
has a strong impact on the numerical solution of flows, so it is necessary to pay
particular attention to the turbulence model and grid used. The Spalart-Allmaras
turbulence model is built to be used through boundary layers on condition that
the grid used is accurate enough.
Figure 2.7: Boundary layer modeling.
Three main layers can be defined in the near-wall area, these are illustrated in
Fig.2.7:
• viscous sublayer : where flow is laminar and molecular viscosity dictates mass,
heath and energy transport;
• buffer layer : where viscous and turbulent actions have the same impact;
• outer layer : or fully-turbulent, where the contribution of turbulence is the
most important.
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In order to model the turbulent zone near walls two different approaches, as
shown in Fig.2.8, are commonly used:
• Wall Function approach utilizes semi-empirical relations to connect values
of the physical quantities at walls to values in fully-turbulent area;
• Near-Wall approach modifies the turbulence model in order to calculate
physical quantities into boundary layer, including viscous sublayer, and to
contemplate effects such as pressure gradients.
Figure 2.8: boundary layer zone solution approaches.
Parameters such as y+, y∗ andRey are dependent on solution and are commonly
used to give feedback as to the quality of the grid. To solve laminar sublayer it is
suggested to reach values of y+ = ρuty/µ parameter y
+ ≈ 1 parameter or slightly
greater. Rey = ρ
√
ky/µ parameter gives an indication on the number of cells lying
inside of boundary layer; value of Rey < 200 indicates the presence of at least ten
cells into boundary layer region.
As explained in sec.2.2 and in Fig.2.4 Near-Wall approach was used.
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2.4 Results
2.4.1 Choice of the grid
Even though appropriate values of y+ parameters for each mesh were reached, for
Model C is y+ < 1 along all body profile. Model A and Model B have very similar
characterics, therefore only the results for Model A and Model C are reported.
Fig.2.9 shows y+ trend along body profile for Model A, Fig.2.10 for Model C.
Figure 2.9: y+ trend for Model A.
Even though y+ results are within the requirements for all models, the results
from Model C were of a higher quality, y+ parameter is below 1 for the entire length
of the model profile, and thus there is higher confidence in results from this grid. A
second flow simulation was conducted with Model C using k- Realizable turbulence
model to provide an additional evaluation of the boundary layer thickness in order
to be more confident in the design of the annular slot.
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Figure 2.10: y+ trend for Model C.
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2.4.2 Visualization of results
Fig.2.11 shows CP contours for flow simulations with Spalart-Allmaras turbulence
model.
From Fig.2.12 it is possible to compare pressure coefficient along body profile,
it is clear that there is a greater recovery of pressure with K- turbulence model
than with Spalart-Allmaras model.
Figure 2.11: Cp contours around body. Model C, Spalart-Allmaras.
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Figure 2.12: Cp trend along body.
This pressure difference a the the rear of the model is reflected, of course, in
velocity distribution. The differences in boundary layer growth and the velocity
field at the rear of the model can be observed in Fig.2.13 and 2.14. Figg.2.15 and
2.16 show boundary layer separation area and recirculation zone.
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Figure 2.13: Velocity contours for Spalart-Allmaras turbulence model.
Figure 2.14: Velocity contours for k- turbulence model.
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Figure 2.15: Recirculation zone for Spalart-Allmaras turbulence model.
Figure 2.16: Recirculation zone for k- turbulence model.
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The main purpose of this CFD campaign was an evaluation of the boundary
layer thickness. Fig.2.17 and Fig.2.18 give visualizations of turbulent boundary
layer at the mid-section and Fig.2.19 compares boundary layer profiles, at the
rear of the cylindrical mid-section, of the two turbulence model used. It can be
seen from Fig.2.19 that boundary layer profiles appear to be almost coincident.
Defining the boundary layer thickness as the distance from the wall where 99%
of freestream velocity is reached, CFD results show that this thickness is equal to
8mm.
Figure 2.17: Boundary layer visualization, Spalart-Allmaras turbulence model.
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Figure 2.18: Boundary layer visualization, k- turbulence model.
Figure 2.19: Boundary layer profile comparison.
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Chapter 3
Design of the annular blowing slot
3.1 Introduction
Boundary layer blowing can be used in two different ways to reduce drag, depend-
ing on which component of drag is the most important. It is possible to express
drag as the sum of the pressure forces which are normal to the surface of the body,
called form drag DF , and vicous forces which are tangential to the surface of the
body, called viscous drag Dv.
D = DF +Dv
In two dimensions is:
• DF = −
∫
S
(p− p∞)~n ·~idS ;
• Dv =
∫
S
τ~t ·~idS
Form drag is linked to the wake size; for slender bodies, like for example wing
profiles, flow remains attached until the leading edge generating a thin wake and a
low value of the overall form drag. If the profile is very curved the boundary layer
will separate generating a wake of large proportions and this will result in a form
drag that is much higher than the first case. To prevent or delay separation it is
possible to introduce energy into the boundary layer either forcing its passage from
laminar to turbulent or blowing air inside of it. It is in this way that boundary
layer blowing is used to prevent separation and thus reduce the form drag.
31
Regarding viscous drag the shear stress on the surface can be written as
τ = µ
∂u
∂y
where:
• µ = 1.78 · 10−5Kg/ m · s is the dynamic viscosity on air;
• ∂u/∂y is the velocity profile at the wall.
Fig.3.1 shows velocity profile of the boundary layer, Dv has a linear dependence
with ∂u/∂y . Thus by reducing the velocity profile at the wall by half would lead
to a 50% decrease of the viscous drag.
Figure 3.1: Boundary layer profile of velocity.
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3.2 Literature
Mass transfer is commonly used as a separation control method [5] or, as reported
in ref.[1], to reduce viscous drag, generally using porous walls, holes or perforations.
Injecting gas from a slot, at sufficiently low momentum, will reduce viscous
drag downstream; for axisymmetric bodies injecting from a slot is probably more
structurally efficient and, according to Hefner and Bushnell [2], could be used on
fuselages as shown in Fig.3.2 published in [2].
Figure 3.2: Possible use on fuselages.
J.E. Hubbartt and L.H. Bangert [3] show that the separation length increases
with increasing jet momentum. The increase of jet momentum by increasing of
jet velocity is diminished by increases in wall shear stress. This effect tends to
produce an optimum Uj/U∞ where Uj is the slot velocity and U∞ is the velocity
at freestream conditions.
Again Hefner and Bushnell [2] show the influence of slot velocity on integrated
skin-friction drag. It can be seen from Fig.3.3 from ref.[2] that a optimum slot-to-
freestream velocity ratio lies in the range Uj/U∞ = [0.3, 0.4].
For a fixed injection velocity it is possible to increase jet momentum by the
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increasing of the slot width. However the slot has to lie within the boundary layer
thickness.
Figure 3.3: Influence of slot velocity at 60 slot heights downstream.
3.3 Geometry of the slot
Flow in the wind tunnel is laminar and turbulence is forced 30mm behind the
beginning of the straight cylindric mid-section by the use of appropriate adhesive
tape. The CFD results reported in Ch.2 suggest that boundary layer thickness
is equal to δ = 8mm. However CFD is unable to predict transition from laminar
to turbulent flow and flow simulations were carried out under the hypothesis of a
fully turbulent flow. This lead to a overestimation of the boundary layer thickness
and we expected a slightly thinner boundary layer.
Unfortunately, for time and costs reasons, it was not possible to design a new
inner part of the model paying attention to materials and to the internal fluid
dynamics. Thus the design of the slot was focused uniquely on injecting air at
velocities lower than that of the freestream.
The width of the slot designed is S = 2mm in order to lie within boundary
layer thickness.
To obtain the slot the mid-section was changed from cylindric to conic . A lip,
10mm long, was designed in order to inject mass in the tangential direction. This
conic mid-section was manufactured using a lathe and paying attention to round
off every sharp corner avoiding boundary layer separation or other drag inducing
34
phenomena like Von Karman vortex shedding. A diagram of the slot is shown in
Fig.3.4, again it must be noted that every sharp corner visible in this diagram was
in reality rounded off.
Figure 3.4: Slot geometry manufacturing diagram.
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Chapter 4
Experimental Campaign
4.1 Introduction
Experimentation in aerodynamics is very complex task, a good campaign needs
the time to design both models and experiments. For example it is not possible to
measure wake size using a sting as support; therefore depending on which quantity
we are interested in, depending on the available instruments and most importantly
depending on experiment’s cost it might be necessary to build a brand new model
to measure with accurancy a certain quantity.
In this case the presence of three supports has a non-negligible influence on
wake size on lower vertical semi-plan. Therefore wake size measure as well as
CD calculation are referred to the upper vertical semi-plan where aerodynamic
interference gives a negligible contribution.
4.2 Wind tunnel description
Queen Mary University of London has several wind tunnels, the one used to test our
models was a closed circuit subsonic wind tunnel, with a maximum flow velocity
of approximately 40m/s. It is equipped with a Betz manometer and a balance. A
schematic of this tunnel is shown in Fig.4.1.
Betz manometers measures the pressure difference between section A1 and A2
in mm2 of water; thus to calculate air speed in the test section the Bernoulli
principle and conservation of mass have been used.{
ρV A = cost
p+ 1/2ρV 2 = cost
Tab.4.1 lists main characteristics of the wind tunnel.
36
Figure 4.1: Closed circuit wind tunnel scheme
Table 4.1: Wind tunnel characteristics
Test section 1m x 0.765m
Speed 5m/s - 40 m/s
Pressure Atmospheric
Contraction factor 5.6 : 1
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4.3 Montage of the models and experiment de-
scription
Both models were mounted using three supports careened with aerodynamic pro-
files, as can be seen in Fig.4.2 for the prolate ellipsoid. Fig.4.3 from [4] shows one
of the main problem of wind tunnels, blockage phenomena. Both models tested
have the frontal area equal to SM = 0.01824m
2. Thus resulting blockage factor is
equal to Cb = 1.024.
Figure 4.2: Montage of the Prolate Ellipsoid A model
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Figure 4.3: Blockage phenomena
The aim of the experiment was to measure the size of the wake using a pitot-
static probe, with hemispheric head, positioned 280mm downstream of the model.
Pitot tube measures total pressure arresting the flow inside the probe with a pro-
cess that can be considered with good approximation isentropic if Reynolds num-
ber, based on inner radius of the probe, is more than 100. Static probes have
4÷8 intakes symmetrically positioned around the axis of the probe and connected
together to the manometer with a pipe. In this experiment the pitot-static probe
was connected to a manometer with silicon fluid. Thus the dynamic pressure was
given as the difference between total and static pressure. It is possible to calculate
velocity using the relation:
V =
√
2(p0 − p)
ρ
A scheme of a Pitot-static probe is shown on Fig.4.4 from [4]
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Figure 4.4: Pitot-static probe
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4.4 Results of the test at 20m/s
Fig.4.5 compares wake profile for Ellipsoid A and B models. From this figure the
variation in width of the wake is observed; Ellipsoid A model is a 4:1 ellipsoid and
its shape produces a strong adverse pressure gradient at the rear of the body. This
adverse pressure gradient is avoided on Ellipsoid B model by the presence of the
conic boattail.
Fig.4.6 compares the wake profile for Prolate Ellipsoid A model. It can be
seen that in the blowing configuration the presence of the fan, that operates the
suction of the air at the rear of the body and blows from the mid-section slot, has
the effect of reducing the wake size thus reducing drag.
Fig.4.7 compares the wake profile for Prolate Ellipsoid B model. Has to be
reminded that Ellipsoid B model works mounting Prolate Ellipsoid and its mid-
section in the other way round. In this way air is sucked from the front and
ejected from the slot positioned at the end of the conic mid-section. In this case
the configuration with the fan working has the effect of increasing drag.
In the blowing configurations of Prolate Ellipsoid A and B model the velocity
of the air coming from the slot is equal to 10m/s.
Figure 4.5: comparison between Ellipsoid A and B model wake size
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Figure 4.6: comparison between Prolate Ellipsoid A model wake size
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Figure 4.7: comparison between Prolate Ellipsoid B model wake size
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Chapter 5
Main CFD campaign
5.1 Introduction
In order to compare experimental and computational results separate calculation
grids for Ellipsoid A, Ellipsoid B andthe base geometry of the Prolate Ellipsoid,
were constructed. Flow simulations were carried out with Spalart-Allmaras, K-
Realizable, K-ω SST and Reynolds stress turbulence models. Particular care was
payed to the wake region in order to compare the velocity profile at the perpen-
dicular plane 200mm downstream of the model, were Pitot probe was positioned
during wind tunnel test.
5.2 Grid generation
Geometry and grid were built with Gambit package. For each model a structured
mesh was built. Using an axisymmetric statement it was possible to achieve a
large reduction of both time and computational costs.
Tab.5.1 synthesize the main characteristics of these grids.
Table 5.1: Grids characteristics
Total cells Skewness Nodes on radial edges
Ellipsoid A 2.2 · 106 < 0.05 2400
Ellipsoid B 2.3 · 106 < 0.19 1350
Prolate Ellipsoid 2.6 · 106 < 0.07 2600
Figs.5.1 5.2 and 5.3 show respectively domain for Ellipsoid A, Ellipsoid B and
Prolate Ellipsoid.
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Even though the generation of the grid was focused on the wake zone it is
important to underline results in terms of y+ parameter. Figs.5.4, 5.5 and 5.6
show y+ trend respectively along the profile of emphEllipsoid A, Ellipsoid B and
Prolate Ellipsoid.
Figure 5.1: Domain of Ellipsoid A modelt
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Figure 5.2: Domain for Ellipsoid B model
Figure 5.3: Domain for Prolate Ellipsoid model
46
Figure 5.4: y+ trend along Ellipsoid A profile
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Figure 5.5: y+ trend along Ellipsoid B profile
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Figure 5.6: y+ trend along Prolate Ellipsoid profile
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5.3 Flow Simulations
5.3.1 Calculation time
Flow simulations were carried out using the 24-processors cluster available at Uni-
versity of Pisa laboratory. The entire set of 12 simulations required approximately
24 hours. As in sec.2.3 flow simulation was considered as converged when standard
deviation of the last 2000 iterations assumed values less than 1% of the CD value.
Unfortunately we experienced problems in the convergence of Reynolds stress tur-
bulence model thus in the next figures the convergence of the remaining turbulence
models is shown.
Fig.5.7 shows convergence for Ellipsoid A model; it can be seen that fluctuations
around main CD value are negligible after 2500 iterations for each turbulence
model and that while Spalart-Allmaras and K- predict a value of ht CD that is
comparable K-ω model predicts a higher drag coefficient.
Fig.5.8 shows convergence for Ellipsoid B model; here all three CD value predic-
tions are comparable, K-ω and K- turbulence model are almost coincident while
Spalart-Allmaras predicts a slightly lower value.
Fig.5.9 shows convergence for Prolate model; in this case Spalart-Allmaras
turbulence model requires approximately 6000 iteration to converge while K-ω
and K- turbulence model need only 3000 iterations.
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Figure 5.7: Convergence of Ellipsoid A model
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Figure 5.8: Convergence of Ellipsoid B model
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Figure 5.9: Convergence of Prolate Ellipsoid model
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5.3.2 Results of Ellipsoid A model
Fig.5.10 shows the distribution of pressure coefficient along the body profile. It
can be seen that all turbulence models predict a Cp trend that is almost coincident,
only slight variations at the rear of the body are observable.
Figure 5.10: Pressure coefficient distribution along the profile of the body
Fig.5.11 compares prediction of the velocity distribution in the wake region
for Spalart-Allmaras, K- and K-ω turbulence model. It can be seen that K-ω
predicts a larger wake resulting in higher drag. Table 5.2 shows CD values for all
three turbulence models.
Table 5.2: Drag informations
Turbulence model CD
Spalart-Allmaras 0.0642
K- Realizable 0.0697
K-ω SST 0.0957
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Figure 5.11: Velocity distribution in the wake region for Ellipsoid Amodel
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In the next figures are shown information about the flow for K- Realizable
turbulence model. Fig.5.12 shows velocity contours, it can be seen that the wake
diffuses far away from the body, the growth of the boundary layer is also apparent
from this figure.. Fig.5.13 shows the recirculation area at the rear of the body, it
can be seen that for a fully-turbulent flow the boundary layer remains attached
almost all along the body.
Figure 5.12: Velocity contours around Ellipsoid A model
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Figure 5.13: Velocity contours around Ellipsoid A model
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5.3.3 Results of Ellipsoid B model
Fig.5.14 shows the distribution of pressure coefficient along the profile of the ellip-
soid with conic tail. In this case there is no appreciable difference in the prediction
of the pressure coefficient for all three turbulence models.
Figure 5.14: Pressure coefficient distribution along the profile of the body
Again Fig.5.15 compares the velocity distribution in the wake region for the
three turbulence models used. Tab.5.3 shows CD value for Spalart-Allmaras, K-
and K-ω turbulence models.
Table 5.3: Drag informations for Ellipsoid B model
Turbulence model CD
Spalart-Allmaras 0.0760
K- Realizable 0.0754
K-ω SST 0.0769
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Figure 5.15: Velocity distribution in the wake region
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It is interesting that, with the presence of the conic tail, all turbulence models
predict no separation of the boundary layer as can be seen in Fig.5.16. Fig.5.17
shows velocity contours for K- turbulence model.
Figure 5.16: Velocity vectors around Ellipsoid B model
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Figure 5.17: Velocity contours around Ellipsoid B model
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5.3.4 Results of Prolate Ellipsoid model
Fig.5.18 shows the distribution of pressure coefficient along the profile of the ellip-
soid with conic tail. Any appreciable difference in the prediction of the pressure
coefficient for both three turbulence models can be detected.
Figure 5.18: Pressure coefficient distribution along the profile of the body
Again Fig.5.19 compares the velocity distribution in the wake region and Tab.5.4
shows CD value for Spalart-Allmaras, K- and K-ω turbulence models.
The K-ω turbulence model exhibits a very large wake structure resulting in a
CD that is much higher than expected.
Table 5.4: Drag informations for Prolate Ellipsoid model
Turbulence model CD
Spalart-Allmaras 0.0669
K- Realizable 0.0768
K-ω SST 0.1046
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Figure 5.19: Velocity distribution in the wake region
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Fig.5.20 shows recirculation zone ate the rear of the body for K- turbulence
model.
Fig.5.21 shows velocity contours for K- turbulence model.
Figure 5.20: Velocity contours around Ellipsoid B model
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Figure 5.21: Velocity contours around Prolate Ellipsoid model
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Chapter 6
Comparative results
6.1 Comparison of CFD and Experimental re-
sults
The models available are strongly affected by the viscous drag, in fact CFD predicts
a value of the viscous drag that is around the 80% of the overall drag value. As
example, tab.6.1 reports drag results for Ellipsoid B model, K- turbulence model.
Table 6.1: Drag information Ellipsoid B
pressure contribution viscous contribution total
Drag [N] 0.04208 0.29489 0.33696
Coefficient 0.00941 0.06599 0.07540
Simulating the flow as fully-turbulent has the effect of overestimating viscous
drag and thus it is to be expected that the numerical simulations would exhibit
larger wake dimensions than those observed experimentally.. This tendency is
clearly shown in Figs.6.1, 6.2 and 6.3 where experimental results and CFD predic-
tions (Spalart-Allmaras) are compared.
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Figure 6.1: Ellipsoid A wake comparison between experimental results and numer-
ical prediction
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Figure 6.2: Ellipsoid B wake comparison between experimental results and nu-
merical prediction
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Figure 6.3: Prolate Ellipsoid wake comparison between Back Suction configuration
and numerical prediction
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6.2 CFD trend
The numerical simulations of the flow around a 4:1 Ellipsoid predict the separation
of the boundary layer in a small region at the rear of the body, as shown in
Fig.5.13. According to flow simulations, even though the presence of the boattail
on Ellipsoid B model avoids any separation of the boundary layer the resulting
value of the drag coefficient, obtained with K- and Spalar-Allmaras turbulence
model, is higher than the CD of the Ellipsoid A model. This is also reflected
in the wake size as can be seen in Figs.6.4 and 6.5 where the wake of Ellipsoid A
and Ellipsoid B are compared respectively for K- and Spalar-Allmaras turbulence
models.
Although the K-ω turbulence model predicts a larger wake thus a greater drag
value, it follows the same trend of the experiments exhibiting the smallest wake
for Ellipsoid B model. Fig.6.6
Prolate Ellipsoid model has the largest wake and the higher CD value due the
greater wet surface.
Figure 6.4: Wake comparison, K- turbulence model
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Figure 6.5: Wake comparison, Spalart-Allmaras turbulence model
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Figure 6.6: Wake comparison, K-ω turbulence model
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Chapter 7
Conclusions and further
developments
An investigation on drag reduction for axisymmetric bodies was carried out us-
ing both numerical flow simulations and wind tunnel experiments. Four different
model configurations were used in the wind tunnel experiments, these were
1. 4:1 Ellipsoid, Ellipsoid A;
2. 4:1 Ellipsoid with conic boattail, Ellipsoid B ;
3. 4:1 Prolate Ellipsoid for boundary layer blowing in:
• Back Suction configuration, Prolate Ellipsoid A;
• Front Suction configuration, Prolate Ellipsoid B.
Flow simulations were carried out with Ellipsoid A, Ellipsoid B and the base
geometry of Prolate Ellipsoid.
The experimental results show that the presence of the conic boattail has a
strong effect on the wake of a 4:1 ellipsoid resulting in a much smaller wake than
Ellipsoid A model.
Boundary layer blowing and back suction have also great impact on the wake of
a 4:1 prolate ellipsoid reducing both viscous drag, by injecting air at lower velocity
than the freestream, and form drag by sucking air at the rear of the model. This
effect is not present on Prolate Ellipsoid B, we are confident that this problem is
induced by the poor inner fluid dynamics of the model.
Another important result is that the only turbulence model that accurately
predicts which geometry exhibits the lowest drag is K-ω turbulence model even
though this model tgives the largest overestimate of the wake size.
Regarding the experiments, we are confident that a more accurate inner fluid
dynamics of the Prolate Ellipsoid model would have led to better results, especially
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for Prolate Ellipsoid B model. This configuration has the great advantage that it
could combine a drag reduction and propulsion system in a single structure. The
use of metals for the mid-section,and the use of devices to visualize boundary layer
transition and separation would also produce better information for the design of
the slot and its realization. A magnetic mounting or a mounting with titanium
wings, to avoid interference, would also result into more accurate pressure readings.
It is not advisable to use a sting mounting, owing to the large interference of the
wake that such a mounting produces.
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